Silk cocoons are reconstituted into an aqueous suspension, and protein stability is investigated by comparing the protein's response to hydrochloric acid and sodium chloride. Aggregation occurs at < 8 mM hydrochloric acid that is not correlated to protein protonation, while sodium chloride over the same range of concentrations does not cause aggregation. We measure the structures present on the protein and aggregate lengthscales in these solutions using both optical and neutron scattering, while mass spectrometry techniques shed light on a possible mechanism for aggregate formation. We find that the introduction of acid modulates the aggregate size and pervaded volume of the protein, an effect that is not observed with salt.
I. INTRODUCTION
Silk protein materials are the focus of many current biomedical applications because they are strong and biocompatible [1, 2] . Additionally, silk materials can now be made into non-fibrous forms by taking advantage of protein reconstitution techniques; pre-spun cocoon fibers are chemically dissolved into solution in large quantities [3] . However, the protein network morphologies of new silk materials are different than that of the pre-spun fiber. Consequently, the optimization of new silk materials requires an understanding of the fundamental interactions between constituent particles.
One novel material is a gel formed by running a DC electric current through reconstituted silk; the acidic domain created during electrolysis prompts the assembly of protein into a soft gel [4, 5] . Electric field generated gels exhibit interesting bulk mechanical features that are a consequence of interactions between individual protein [6] . In order to understand this gelation phenomenon better, we controllably add hydrochloric acid (HCl) at concentrations
II. METHODS AND MATERIALS

A. Reconstituted protein
Silk protein solutions are reconstituted from Bombyx mori silk cocoons following the method detailed by Rockwood et al. [3] . Cocoons are boiled in aqueous sodium carbonate for 10 minutes to remove the globular sericin, leaving behind only the insoluble structural fibroin proteins that are washed in deionized water.
The fibers are soaked in an aqueous solution of lithium bromide (LiBr) at 70
• C for 2 hours to solubilize the protein through denaturation. The LiBr-protein solution is dialyzed against cycled deionized water for 48 hours in a dialysis bag with a molecular weight cutoff of 10 kDa to remove the solubilized ions. Undissolved fibers are removed by centrifugation, and protein aggregates larger than 0.45 µm are removed through filtration. The resultant reconstituted silk solution is composed entirely of the fibroin protein and will now be referred to as silk protein.
Silk is stable in an unbuffered solution for weeks/months providing a stable high concentration (∼ 50 mg mL −1 ) feedstock. Silk proteins are monomerized during the reconstitution process and have a well characterized polydispersity [9] . The amino acid sequence of the protein is primarily low complexity repeats of small side chain amino acids; the protein can be approximated as a polymer. The final silk protein concentration is determined using ultraviolet-visibile light (UV-Vis) spectroscopy; the molar extinction coefficient at 280 nm is 441030 cm −1 M −1 as determined from the amino acid sequence [10] . For neutron scattering measurements, aqueous silk solutions are subsequently dialyzed against deuterium oxide The exact stoichiometric interaction between HCl or NaCl and silk protein is unknown so we define the molar equivalent (ME) as the ratio of the moles of added compound to the moles of silk in solution. Solutions are prepared in deionized water with background NaCl present in trace amounts and at pH 9 ([HCl] = 10 −9 M). Since c H , c N ≥ 0.1 mM and are much larger than their respective background concentrations, ME is equivalent to the absolute ion concentration per protein.
C. Measuring ion concentrations
The 
III. RESULTS AND DISCUSSION
A. Aggregate formation
The turbidity of silk solutions increases as c H increases from 0 → 7.4 mM [ Fig. 1(a) ].
The protein concentration c P = 37 µM, giving 0 ≤ ME ≤ 200. Transmittance T decreases rapidly from T = 60% to T = 0% in the range of 75 ≤ ME ≤ 90 and remains at zero with any additional acid [ Fig. 1(c) ]. In contrast, NaCl has no visible effect on the sample The pH of each of the samples in Fig. 1 (a) are measured directly with a pH probe and decrease smoothly from 9 → 2 with increasing ME [ Fig. 1(c) ]. Since ∼ 1 % of the amino acids on the protein are ionizable, the approximation for the pH of the solution pH = −log(c H ) predicts a decrease in pH from 3 → 2. However, the measured pH differs significantly from the predicted value due to the strong association of H + with the protein.
When ME = 200, the measured pH and the expected pH value begin to converge; the protein is saturated with H + and unable to continue to buffer the solution. Consequently, any additional H + (ME > 200) will remain in solution. The pH value associated with the dramatic change in turbidity is not correlated with any amino acid side chain pKa nor does the pH change stepwise as ionization occurs. Additionally, the sample is completely turbid at pH values greater than the silk isoelectric point (values in the literature range from 3.2 → 4.2). Therefore, HCl induced aggregation is not due to a minimization of charge repulsion [11] [12] [13] [14] .
Changes in c H result in changes in T . Likewise, changes in c H alter the intensities of SANS spectra on both the aggregate and protein lengthscales [ Fig. 2 ]. An increase in c H results in an increase in the scattering intensity I for wavevector q in the low-q (q < 7 × 10 −3Å−1 ) regime. The low-q increase signifies an increase in the total aggregate volume that is consistent with turbidity measurements [ Fig. 1 ]. High-q (q > 4 × 10 −2Å−1 ) scattering is independent of c H , while a slope change between high-q and medium-q (7 × 10 −3Å−1 < q < 4 × 10 −2Å−1 ) provides the characteristic lengthscale for a single protein.
In contrast, I(q) are independent of changes in c N ; unchanged low-q scattering is consistent with the lack of turbidity in Fig. 1(b) . Instead of inducing aggregation, charge screening effects from NaCl appear at q > 0.06Å −1 as observed by a slight increase in the slope of the NaCl curves in Fig. 2 . The presence of q dependent scattering at low-q for these spectra is a consequence of unavoidable aggregate byproducts from reconstitution. However, changes in aggregates are only induced by HCl.
Because c H and c N span the same range and aggregates form only from increases in c H , aggregation is only induced by HCl. Aggregation is not a consequence of ionic strength or charge screening; incorporation of HCl is needed before inter-protein associations can exist.
B. Reconstituted protein stability
In spun fibers, silk is folded into multiple β-sheets through hydrogen bonding: a dipoledipole interaction between polar amine N−H and carbonyl C − − O groups on the protein backbone. However, reconstituted silk is predominantly an unstructured random coil where N−H and C − − O are unassociated [9, 12] . We find that the random coil configuration is stable because of residual lithium ions from the reconstitution process that associated with C − − O analogous to a charge-dipole interaction. A comparison of lithium concentrations before and after HCl or NaCl addition indicates a mechanism for aggregate formation.
The number of Li + per protein after the reconstitution protocol is 2200 ± 300 [ Fig. 3(a) ].
The silk protein has 5263 amino acids, therefore there is one Li + for every 2.4 ± 0.3 amino acids, which is equivalent to one Li + for every 2.4±0.3 carbonyl oxygens on the protein backbone. This ratio is consistent with molecular dynamics simulations and density functional Changes in the scattering intensity I(q) reveal ME dependent structural changes [ Fig. 4 ].
At high-q (q > 4 × 10 −2Å−1 ), I(q) is unchanged over the range of ME; the protein has a constant fractal dimension irrespective of the aggregate conditions. Medium-q scattering (9 × 10 −3Å−1 < q < 4 × 10 −2Å−1 ) exhibits an ME dependent slope change that likely exists due to the superposition of scattering from the aggregate and protein lengthscales. Although byproducts of reconstitution are seen in the q dependence at low-q (q < 9 × 10 −3Å−1 ) for ME = 0, increases in ME manifest themselves as a vertical shift in I(q); more aggregates are formed with increasing ME as seen in Fig. 1 . ME does not affect the low-q slope; the internal structure of an aggregate remains constant.
low-q high-q medium-q FIG. 4. I(q) changes monotonically as ME increases along the arrow from 0 → 58 except for the two lowest values of ME: ME = 0 ( ) and ME = 1.9 ( ). I(q) for each value of ME are fit with a double Guinier Porod model and are plotted as the solid lines.
I(q) in Fig. 4 are a result of scattering from both the individual proteins and aggregates. To minimize assumptions during data fitting, each lengthscale is interpreted using the Guinier Porod model in three dimensions,
where G is the Guinier scaling parameter, D the Porod scaling factor, d the Porod exponent, and characteristic length q 1 [22] . Both of these equations and their derivatives must be continuous at q = q 1 , therefore the following relations must hold:
The Guinier regime of the protein and the Porod regime of the aggregate are not well separated, so both the aggregate and the protein are fit simultaneously using the same functional form, giving
This double Guinier Porod fit has six free variables: R G , G, and d for both the protein and the aggregate. To minimize the number of free fitting variables, DLS is used to identify the hydrodynamic radius R H of the aggregates, which is used as the aggregate R G . The aggregate radii decrease from 145 → 95 nm with increasing ME [ Fig. 5(a) ]. Since the increase in turbidity coincides with a decrease in aggregate size, the number of aggregates must increase with ME. It is likely that the original ME = 0 aggregates persist, and the number of smaller aggregates increases with ME. However, combining SANS and DLS minimizes stability/aging effects of the protein that could be observed during a long USANS experiment. as is seen in the silk fiber [24] . However, the replacement of Li + with H + leads us to suggest an alternative bond: H + facilitates a bond between two separate C − − O for an effective dipole-charge-dipole interaction. This complex is called a bifurcated hydrogen bond and is observed in biological systems [25] . It will be important to distinguish between hydrogen and bifurcated hydrogen bonding because the two types of interactions have different binding strengths [25] .
While bonds cannot be seen explicitly, changes in the structure of the protein are indirect evidence of changing protein-protein interactions. We show that ME increases the protein Deuterated silk solutions are pipetted into rectangular quartz cuvettes and mixed rapidly with an equal volume of HCl or NaCl solution. To ensure we measure the steady-state structure, samples equilibrate for 12 hours before the measurement at ambient conditions.
Data are reduced using the Igor macros, and the q-independent background scattering intensity for each sample is averaged and subtracted from each curve before plotting so that data represent scattering from the protein only [31] . Curve fitting is performed using SasView and custom code where a nonlinear least squares regression is fit iteratively for the best estimate of each fitting parameter as well as the error associated with 95% confidence for each value [32] . 
is normalized by the transmittance of the control sample with zero added acid (ME = 0).
Error bars represent the standard deviation of three measurements of the same sample. All measurements have a path length of 1.0 cm. Changing the path length shifts the onset of
